Although p53 protein aggregates have been observed in cancer cell lines and tumour tissue, their impact in cancer remains largely unknown. Here, we extensively screened for p53 aggregation phenotypes in tumour biopsies, and identified nuclear inclusion bodies (nIBs) of transcriptionally inactive mutant or wild-type p53 as the most frequent aggregation-like phenotype across six different cancer types. p53-positive nIBs co-stained with nuclear aggregation markers, and shared molecular hallmarks of nIBs commonly found in neurodegenerative disorders. In cell culture, tumour-associated stress was a strong inducer of p53 aggregation and nIB formation. This was most prominent for mutant p53, but could also be observed in wild-type p53 cell lines, for which nIB formation correlated with the loss of p53's transcriptional activity. Importantly, protein aggregation also fuelled the dysregulation of the proteostasis network in the tumour cell by inducing a hyperactivated, oncogenic heat-shock response, to which tumours are commonly addicted, and by overloading the proteasomal degradation system, an observation that was most pronounced for structurally destabilized mutant p53. Patients showing tumours with p53-positive nIBs suffered from a poor clinical outcome, similar to those with loss of p53 expression, and tumour biopsies showed a differential proteostatic expression profile associated with p53-positive nIBs. p53-positive nIBs therefore highlight a malignant state of the tumour that results from the interplay between (1) the functional inactivation of p53 through mutation and/or aggregation, and (2) microenvironmental stress, a combination that catalyses proteostatic dysregulation. This study highlights several unexpected clinical, biological and therapeutically unexplored parallels between cancer and neurodegeneration.
Introduction
The cellular protein quality control (PQC) machinery of chaperones and proteases ensures protein homeostasis or 'proteostasis' [1] [2] [3] . Because of ageing, mutation, or (patho-)physiological insults [4] , the processing of misfolded proteins becomes less efficient, and this can lead to protein accumulation and aggregation, and vice versa [1] [2] [3] . Abnormal protein aggregation causes well-known misfolding diseases, including neurodegenerative and amyloidogenic disorders [1] [2] [3] , in which there is typically accumulation of disease-specific proteins in inclusion bodies or extracellular deposits [1] [2] [3] . In rare familial cases, germline mutations increase the aggregation propensity of disease-specific proteins, the chronic expression of which is believed to initiate a vicious cycle of proteostatic dysregulation and aggregation. In the more common sporadic conformational diseases, age-associated erosion of PQC is more likely to cause wild-type protein aggregation.
The tumour suppressor p53 is the most commonly mutated gene in cancer [5] . Most mutations occur in the DNA-binding domain and can be categorized according to their conformational effect: whereas 'contact' mutations alter DNA-binding properties without disturbing the overall folding, 'structural' mutations disrupt the native fold [6, 7] . Inactivity of p53 commonly correlates with its aberrant accumulation in cancer cells [5, 8] , which was initially explained by an impeded human double minute-2 (MDM2) response that mediates p53 degradation [9] . Recently, we and others showed that aggregation can also contribute to p53 inactivation, accumulation and gain-of-function activities [10] [11] [12] [13] [14] [15] [16] [17] [18] . Importantly, although mutation often increases the aggregation propensity of p53 by destabilizing its structure, wild-type p53 (p53-WT) is itself already thermodynamically labile (T melt of 42 ∘ C) [10, 15, 16] . As ageing favours both mutation and proteostatic decline, the aggregation of both mutant p53 and p53-WT might be a common and possibly physiology-modifying event.
The accumulation of p53 aggregates has been previously reported by us and others in tumour lines transiently overexpressing mutant p53 or in sparse human tumours [13, 14, 17, 19] .
Here, we present a study agglomerating 370 tumour biopsies investigating the presence of p53 aggregates in cancer. We found that a large fraction of mutant and p53-WT-positive tumours contain nuclear inclusion bodies (nIBs) of inactive p53 that co-localize with known markers for aggregates in neurodegeneration. The presence of aggregated p53 in cell lines and nIBs in tumours was associated with a distinctive proteostatic profile and patient survival.
Materials and methods

Cell lines
Cells were grown in standard conditions [Dulbecco's modified Eagle's medium (DMEM)/10% fetal bovine serum (FBS); Life Technologies, Gent, Belgium]. Stress insults included hypoxia (0.5% oxygen), proteostatic stress (0.5 μM MG132, M7449; Sigma-Aldrich, Overijse, Belgium), hypoglycaemia (DMEM without glucose), and oxidative stress (100 μM NiCl 2 ).
Sodium dodecyl sulphate (SDS)-gradient blue native polyacrylamide gel electrophoresis (BN-PAGE) analysis
Cells were lysed in 150 mM NaCl, 50 mM Tris-HCl (pH 8), 1% IGEPAL(NP40), 1 × Complete inhibitor (Roche, Vilvoorde, Belgium), and 1 U/μl Universal Nuclease (Pierce, Leuven, Belgium), and this was followed by incubation with SDS as indicated. BN-PAGE analysis was performed as described previously [17] . 
Clinical samples
Antibodies
The antibodies used were as follows: anti-p53 DO-1 and FL393, anti-HSC70, anti-HSP90, anti-HSPA6, anti-DNAJB1, and anti-sigma-1 receptor (SigmaR) (Santa Cruz Biotechnology, Heidelberg, Germany); anti-promyelocytic leukaemia (PML), anti-nucleolin, anti-SQSTM1, anti-HDAC6, anti-BAG2, and anti-heat shock transcription factor 1 (HSF1) (Abcam, Cambridge, UK); anti-HSP70 (Cell Signaling Technology, Leiden, The Netherlands); and A11(AHB0052), Alexa-labelled secondary antibodies, and 4 ′ ,6-diamidino-2-phenylindole (DAPI) (Life Technologies). Proximity ligation was performed with Duolink (Olink, Uppsala, Sweden) according to the manufacturer's instructions.
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Additional methods
See supplementary materials and methods for additional methods.
Results
nIBs of p53
Aggregation-related diseases are typically characterized by the abnormal accumulation and aggregation of disease-specific proteins [1, 3] , often observed as intracellular inclusions and/or extracellular deposits [2] . To search for p53 aggregation phenotypes, we used immunofluorescence staining with sufficient sensitivity to quantify overall expression levels and also to detect subcellular inhomogeneities (e.g. inclusion bodies) and aberrant subcellular localization.
Staining of a cohort of colon cancer samples (n = 163) revealed various subcellular p53 phenotypes: 71% of the p53-positive tumours contained p53-positive 'puncta' within the diffuse p53 staining pattern of the nucleus in a subset of tumour cells [p53-positive nIBs (p53-nIBs)], whereas the remainder showed homogeneous, diffuse nuclear p53 staining throughout the tumour (Table 1 ; Figure 1A , B; supplementary material, Figure S1A -H). The occurrence of p53-nIBs was often associated with cytosolic staining of lower intensity at a similar frequency (Table 1) . Occasionally, we observed cytoplasmic p53 staining without the presence of nIBs, and pure cytoplasmic IBs were only observed once ( Figure 1C, D) . According to these observations, we defined five subcategories: tissue without p53 expression (NULL); tissue with diffuse, well-dispersed nuclear p53 (SOLUB); tissue with p53-nIBs in >50% of tumour cells (NUCINC50); tissue with p53-nIBs in 1-5% (NUCINC5) of tumour cells; and tissue with diffuse p53 in the nucleus and cytoplasm (CYTO). Markedly, this classification could not be made reliably by the use of 3,3 ′ -diaminobenzidine /horseradish peroxidase staining (supplementary material, Figure S1I -L), explaining why this had not been described earlier.
Also in biopsies from GBM, colon cancer, ovarian cancer, endometrial cancer, melanoma, and Barrett's oesophagus, we observed p53-nIBs at a tumour type-specific frequency in samples originating from all contributing institutes with both monoclonal and polyclonal antibodies (Table 1; Figure 1E ; supplementary material, Figure S1 ). p53-nIBs therefore constitute a genuine and widespread, but so-far uncharacterized, phenotype. Also in lymph nodes containing metastatic colon cancer cells, the p53 phenotype of the primary tumour was generally maintained (supplementary material, Table S1 ).
Biopsies containing p53-nIBs were subsequently co-stained with amyloid dyes [i.e. luminescent conjugated oligothiophenes (LCOs)] [20] or the conformational-specific antibody A11, which recognizes oligomeric aggregates [21] . Although we did not observe specific LCO staining (suggesting that p53 did not generate textbook amyloids in vivo), p53/p53-nIBs and A11 did co-localize in ovarian tumours using proximity ligation (supplementary material, Figure S2 ), confirming previous findings [14] and showing that p53 was primarily present as oligomeric aggregates. However, the A11 staining was insufficiently reliable and robust for routine screening, forcing us to use p53-nIB detection as a readout.
nIBs contain transcriptionally inactive mutant p53 or p53-WT Following p53 genotyping, we observed that, although favoured by p53 mutation, homogeneous and nIB phenotypes were present in both p53-WT and mutant tumours (Figure 1F , G; supplementary material, Table S3 ). In the p53-positive samples, p53 transcriptional activity (as measured by MDM2 mRNA levels) was also significantly higher in samples containing SOLUB-WT than in those containing NUCINC50-WT ( Figure 1H ), whereas no difference was found between the NUCINC50-WT group and the p53-NULL group, showing severe impairment of p53 activity when it is present in nIBs. Expression levels of p21 and BAX were highly variable (supplementary material, Figure S2D , E), suggesting p53-independent mechanisms [22] [23] [24] . TP53 mRNA levels were lower in the NULL samples than in the p53-positive samples ( Figure 1I ), suggesting genetic aberrations.
Mutant p53 accumulates in the nucleus as soluble oligomeric aggregates
Next, we phenotyped 22 tumour cell lines that endogenously express wild-type, contact or structurally destabilized mutant p53 (Table 2 ). When we analysed thousands of single cells under baseline conditions by using immunofluorescence high-content imaging, p53 was primarily observed in a diffuse pattern in the nucleus, as is commonly observed [25] , and only 5.1 ± 3.1% of cells showed a small number of nIBs (<2 nIBs per cell). We also determined p53's folding status by immunoprecipitation (IP) with p53-specific conformational antibodies (i.e. pAb1620 for native p53 and pAb240 for misfolded p53) [26] : whereas p53-WT and contact mutants largely adopted the native/pAb1620-positive conformation, structural mutants predominantly adopted the misfolded/pAb240-positive conformation (Table 2; supplementary material, Figure S3A ).
Given the overall absence of nIBs in standard cell culture conditions (in contrast to biopsies) and the A11 positivity of p53 in biopsies, p53 was expected to form small oligomeric aggregates, similarly to what is seen in neurodegenerative diseases, where the presence of soluble oligomeric aggregate precursors is often indicative of pathological activity [1, 27] . Previously, we optimized [17] . This procedure was further adapted to titrate the stability of the aggregates by applying increasing concentrations of SDS, a protein-denaturing detergent. Here, p53-WT showed little resistance to SDS, and consisted mainly of native tetrameric p53, which readily disassembled into monomers ( Figure 2A ; supplementary material, Figure S3B ). In all mutant tumour lines, we observed high molecular weight smears. Whereas, for the contact mutant, this smear was entirely resolved above 0.2% SDS, this smear persisted until 0.6% SDS for structural/pAb240-positive mutants (Figure 2A ; supplementary material, Figure S3C ). Moreover, the gradual disappearance of this high molecular weight smear correlated with the appearance of SDS-stable octamers and tetramers along with monomeric p53 (supplementary material, Figure S3D ). In comparison, p53-WT tetramers already disassembled into monomers below 0.2% SDS (Figure 2A ; supplementary material, Figure S3B -D), suggesting that tetramers emerging from these high molecular weight smears are distinct from native p53 tetramers and are stabilized by non-native interactions.
Aggregated proteins are usually also more resistant to proteolytic cleavage while misfolded proteins are generally more sensitive [28, 29] . A dose-response study with proteinase K (ProtK) was therefore applied to cell extracts ( Figure 2B ), and showed that p53-WT was more resistant to proteolytic degradation at low ProtK concentrations (owing to its folded structure), whereas mutant p53 was readily cleaved, demonstrating its misfolded nature. However, proteolytic fragments of mutant p53 were also more resistant to higher ProtK concentrations and persisted at concentrations at which p53-WT was already completely digested, confirming not only the misfolded but also aggregated nature of p53.
Finally, whereas the majority of p53 was present in the soluble fraction, we also identified a small (<5%) insoluble p53 fraction by using an SDS-based extraction protocol, adopted from procedures to for extracting amyloid-β plaques from Alzheimer brain tissue [30, 31] . This showed that cell lines containing pAb240-positive mutants consistently had more insoluble p53 that resisted higher SDS concentrations (up to 0.6%) than p53-WT or contact mutants (<0.1%; Figure 2C ). This demonstrates that misfolded p53 not only forms more stable soluble aggregates, but also forms more stable insoluble aggregates. Proteolytic cleavage analysis also showed that insoluble p53 aggregates were more resistant to ProtK than the soluble aggregates, even though they shared similar digestion patterns ( Figure 2B ). This confirms the aggregated nature of insoluble p53, and suggests that this results from the maturation and stabilization of soluble aggregates. Even though amyloid-like p53 structures had been found before in only a few tumours, by the use of thioflavin T binding, Congo Red birefringence, and amyloid-specific antibodies [10, 18, 32] , the current study on a larger panel of tumour cell lines and biopsies suggests that nuclear p53 aggregates do not generally mature into ordered amyloid fibrils [17] .
Aggregated p53 assembles into nIBs as a result of tumour-associated stress
The appearance of p53 aggregates in patient biopsies as nIBs versus oligomeric aggregates in cell lines is highly reminiscent of findings made in pathologies with a more established connection to protein aggregation. Several reports have described diffuse staining patterns of huntingtin, the protein causing Huntington's disease, under ideal cell culture conditions, and have demonstrated that The pseudo-ΔΔG (kcal/mol) is a measure of the destabilizing effect of the mutation as measured by the FoldX force field (the higher the value, the more destabilizing the mutation).
a simple proteostatic insult, e.g. exposure to proteasomal inhibitors (e.g. MG132), results in the immediate formation of inclusion bodies, similar to observations made in patients [33, 34] . Here, exposure to MG132 also resulted in the formation of p53-nIBs in a set of pAb240-positive lines ( Figure 3A ). In addition, 29 ± 6% of cells from the pAb240-positive cell lines had >5 inclusions per cell upon MG132 exposure, as opposed to 5.1 ± 3.1% that showed only >2 inclusions per cell under baseline conditions, whereas cell lines containing p53-WT showed only minimal induction of nIBs upon MG132 exposure. Exposure to additional tumour-related, microenvironmental stress, including hypoxia, hypoglycaemia, oxidative stress, and/or proteostatic stress, confirmed that cell lines containing mutant p53 were readily inclined to form nIBs ( Figure 3B ). Interestingly, exposure to a combination of stress conditions also resulted in the formation of p53-nIBs and aggregates in p53-WT cell lines (Figure 3C -E; supplementary material, Figure S4A ) [17] . Finally, whereas MG132 treatment resulted in minimal changes in the overall p53 levels, we observed a shift from the soluble to the insoluble fraction ( Figure 3F ), comparable to aggregating proteins in neurodegeneration [35] . The insoluble p53 fraction was also more SDS-resistant for aggregating p53 mutants, even though we also observed a small, but detectable insoluble fraction in p53-WT and contact mutants ( Figure 3F) .
To analyse the correlation of p53's transcriptional activity with its presence in nIBs, we used HCT116 p53WT cells, in which p53 becomes transcriptionally activated upon exposure to cisplatin. In baseline conditions, exposure to cisplatin resulted in a significant induction of p53-responsive genes (p21, MDM2, and PUMA), strikingly without the formation of p53-nIBs ( Figure 3G ). However, after exposure to a combination of cisplatin and cellular stress (i.e. MG132 and/or hypoxia), the p53 response was dampened proportionally to the number of p53-nIBs ( Figure 3G ), suggesting that the observed nIBs are primarily proteostatic sinks of non-functional protein.
Overall, cellular stress can inactivate p53 through aggregation and induce the formation of p53-nIBs, a phenotype that is readily achieved for structurally destabilized mutants, but can also be observed for p53-WT or contact mutants. The impact of proteostatic stress on nIB formation in cell lines might also explain the observed offset between aggregation and inclusion body formation in this and an earlier study [17] .
p53-nIBs are PML-positive and SigmaR-positive
Various known nIB markers were analysed, of which the nuclear body markers PML ( Figure 4A -E) and SigmaR ( Figure 4F ) co-localized with p53-nIBs, whereas the nucleolar marker nucleolin primarily did not (supplementary material, Figure S4B ) [36] . SigmaR was recently identified as a marker for neurodegenerative nIBs [37] , suggesting the presence of molecular parallels between cancer and neurodegeneration. PML has been detected in nIBs containing polyglutamine proteins in patients with neurodegeneration, but has also been connected to p53. Because PML-positive nIBs have been linked to both the activation of p53-WT and to gain of function by mutant p53 [38, 39] , we further analysed p53's transcriptional functionality under baseline conditions and upon cisplatin or MG132 treatment (supplementary material, Figure S4C, D) . In contrast to the p53-WT cell lines, none of the mutant p53 proteins could induce MDM2. IP with the conformational antibodies (see above) revealed that exposure to MG132 resulted in a loss of well-folded p53, whereas the misfolded conformation was maintained ( Figure 4G ). Finally, double staining of p53 with PML or SigmaR confirmed that these markers also co-localized with p53-nIBs in biopsies ( Figure 4H-S) .
Overall, proteostatic stress can lead to transcriptionally dead, misfolded, aggregated p53, which can be assembled in PML/SigmaR-positive nIBs upon microenvironmental stress. In addition to being p53 activation sites [38, [40] [41] [42] , these bodies also seem to function as nuclear aggreosomes, as previously Nuclear inclusion bodies of p53 in cancer 33 described for aggregating green fluorescent protein (GFP) mutants [43] .
Aggregated p53 dysregulates cellular proteostasis
Next, the proteostatic consequences of p53 aggregation in tumour cells were investigated by genetically deleting p53 ( Figure 5A; supplementary material, Figures S5A  and S6) . In a mixture of knockout and unmodified cells that could be discriminated by immunostaining for p53, we simultaneously measured the protein levels of important proteostatic markers, including HSF1, several other constitutive and inducible (co-)chaperones (HSP70, HSC70, HSP90, HSPA6, DNAJB1, and BAG2), and autophagy/aggreosome formation factors (SQSTM1 and HDAC6). By analysing the cells in short term, we also determined the dependency/addiction of the cells to aggregated p53, such as Detroit562 cells, which could not survive long-term without p53 (supplementary material, Figure S5B ).
Analysis upon removal of aggregated p53 in Detroit562, CHL1, HACAT and HCC827 cells showed a reduction in the HSF1 protein level of ∼20%, whereas this remained largely unaltered in lines containing p53-WT or contact mutant ( Figure 5B ; supplementary material, Figure S5C-F) . A similar reduction was observed for HSP90 ( Figure 5C ; supplementary material, Figure S5C-F) , which was significantly correlated with HSF1, but also with HSC70, DNAJB1, and HSPA6 (Figure 5C, D; supplementary material, Figure S5C-F) . The inducible chaperone HSP70 and the co-chaperone BAG2 did not correlate with p53 aggregation status, even though an overall reduction in HSP70 species was observed upon deletion of p53 (Figure 5D , E; supplementary material, Figure S5C-F) . Finally, HDAC6 and SQSMT1 seemed to be mutually exclusive, and followed the HSF1 pattern only occasionally in cell lines containing aggregated p53. This argues that p53 aggregates enhance HSF1 expression and a subset of its constitutive/oncogenic downstream targets [44] . Overall, this demonstrates that aggregated p53 contributes to the hyperactivated proteostatic response, using a mode of action that is distinct from that of non-aggregated p53.
It has also been suggested that protein aggregates impair proteasomal degradation by overburdening the cellular proteostasis network [45] . This was demonstrated by the accumulation of unstable fluorescent reporters consisting of GFP fused to destabilizing degrons upon coexpression with aggregationprone (mutant) proteins but not with wild-type/nonaggregating variants [45, 46] . To probe the effect of p53 aggregation on the ubiquitin-proteasome system (UPS), we overexpressed mCherry-fused p53 variants in a HEK293 cell line stably expressing the Ub G76V -GFP protein, which is degraded by the UPS in baseline conditions, but accumulates in cases of excessive proteasomal burden [45, 47] . Ub G76V -GFP strongly accumulated when cells expressed the structurally destabilized p53 R175H -mCherry above a threshold level, indicating concentration-dependent inhibition of proteasomal degradation. This was not observed when cells expressed p53-WT-mCherry, and only at very high expression levels of the contact mutant p53 R273H -mCherry ( Figure 5G ). This observation is highly reminiscent of the overexpression of polyglutamine-expanded aggregation-prone proteins [45] , further strengthening the parallels between cancer and neurodegeneration.
Tumours containing p53-nIBs show a differential proteostatic expression profile Also in patients, tumours are known to have an activated chaperone system, partially explained by elevated HSF1 [44, 48] . Targeted transcriptional analysis, based on a pan-cancer microarray analysis from which the most important proteostatic components were extracted (supplementary material, Table S4 ), of colon cancer biopsies identified a combination of proteostatic components, including HSP27, HSP90, HSC70, HSPA5, HSPA9, PSMB7, PSMD10, and p62/SQSTM1, that was sufficient to differentiate between tumours with p53-nIBs (NUCINC50) and without p53-nIBs (SOLUB and NUCINC5) ( Figure 6A, B) , but not NULL tumours. This corroborates our in vitro findings, and suggests that similar mechanisms are also at play in patients. It is also suggestive of the presence of other aggregating proteins with similar effects.
p53-nIBs are associated with decreased disease-free and overall survival Finally, we correlated p53-nIB status with clinical follow-up in two distinct cohorts (supplementary material, Tables S5 and S6 ). Using the p53-defined subgroups, we observed that colon cancer patients bearing tumours with p53-nIBs (NUCINC50) or without p53 expression (NULL) showed a significantly worse clinical outcome than patients with tumours containing soluble (SOLUB) or minimally included (NUCINC5) p53 (Figure 6C, D; supplementary material, Table S2 ). Owing to its small size, the CYTO group was analysed separately, but it showed a similar trend to that of the NUCINC50 group (supplementary material, Figure  S7A , B). Similarly, for GBM, a significant correlation of disease-free and overall survival with p53-nIB status was observed ( Figure 6E, F) . We did not find a correlation between p53 protein levels and nIB formation (matthews correlation coefficient (MCC) = 0.04), corroborating previous findings that p53 expression levels as such constitute an inadequate marker for disease outcome [8] . In addition, survival analysis with p53 genotype data alone did not reveal a correlation with clinical outcome for either colon cancer or GBM, in line with previous studies [8] , whereas subgrouping according to p53-nIB status in the same subset did result in patient stratification (Figure 6G, H; supplementary material, Figure S7C, D) . This suggests that p53-nIB status integrates the various aspects of p53 inactivation better than p53 genotype as such. Given the high median age of cancer patients, age-related proteostatic dysregulation could have a more profound impact on p53 inactivation than initially expected -echoing the observation that sporadic age-related neurodegenerative diseases frequently involve the aggregation of wild-type proteins as well.
Discussion
We and others have previously shown that p53 can aggregate in cancer [13, 14, 17] , but, as compared with well-known aggregation-associated disorders such as Alzheimer's disease (AD), the clinical relevance of p53 aggregation remains unclear. This study reports the first and largest screen for p53 aggregation phenotypes in 370 biopsies across six different primary and metastatic cancer types by fluorescence immunohistochemistry. We found that the most prevalent p53 aggregation phenotype is the accumulation of p53-positive nIBs of inactive p53-WT or mutant p53, a phenotype reminiscent of neurodegenerative disorders. In hindsight, this finding is not in contradiction with previous studies reporting p53 aggregates in cytoplasmic inclusions [17] : whereas a purely cytoplasmic localization of p53 remains rare, nuclear aggregation of p53 was commonly accompanied by 'cytoplasmic spill-over', suggesting an interplay between the nucleus and the cytoplasm for PQC [49] .
Features of p53-nIBs included co-localization with the 'oligomeric aggregate'-specific antibody A11, but also with PML and SigmaR, all of which are markers for (nuclear) protein aggregation in various neurological disorders [49] , and also nuclear aggregation of GFP mutants [43] . p53-nIBs primarily did not co-localize to the nucleolus, as opposed to previous observations [50] , pointing to lineage-dependent and context-dependent mechanisms [51] . Even though favoured by p53 mutation, the wild-type protein could also be observed in nIBs Functionally, p53-nIBs correlated with a loss-of-function phenotype, as MDM2 expression was repressed in both p53-WT cell lines and in tumours containing nIBs of p53-WT to the same extent as in p53-null tumours. p53-nIBs therefore constitute a hallmark of p53 protein inactivation through aggregation. Interestingly, nuclear amyloidogenic protein bodies have recently been described as a temporary storage mechanism for proteins in neurons to cope with stress [52] . It remains unknown whether similar mechanisms are at play in cancer.
nIBs containing either p53-WT or mutant p53 are also in accordance with the pathophysiology of established aggregation diseases, in which aggregation can be induced by both mutation (e.g. rare cases of familial AD) and physiological stress associated with ageing [1] . Indeed, the majority of cases of sporadic AD are associated with wild-type protein aggregation [2] . The apparent genotypic indifference of p53 aggregation in human tumours could therefore be instigated by similar mechanisms. First, as cancer is a disease resulting from the accumulation of genetic lesions, most commonly in p53, the contribution of mutations to protein aggregation should be more common in cancer than in neurodegeneration. This is indeed the case, because, overall, more than half of p53-nIB-positive tumours express mutant p53. Second, during tumour formation and progression, cells are exposed to severe stress conditions such as hypoxia, oxidative and proteostatic stress, and hypoglycaemia [53] , which, along with physiological ageing, might explain the aggregation of p53-WT in the remaining nIB-positive tumours.
We investigated this hypothesis by analysing p53 aggregation in cell lines under normal and tumourassociated stress conditions. Under normal growth conditions, structurally destabilized p53 mutants readily formed SDS-resistant and ProtK-resistant aggregates, whereas p53-WT did not aggregate. Tumour-associated stress, on the other hand, enhanced mutant p53 aggregation, but also induced p53-WT aggregation and led to the formation of p53-nIBs of both genotypes in association with the same markers. This confirms the presence of nuclear p53 aggregates, and demonstrates that both mutation and environmental stress can be drivers of the aggregation process. It also recapitulates the distinction between protein aggregation and inclusion body formation of misfolded proteins, another common finding in aggregation-associated diseases. Whereas protein misfolding/aggregation is primarily determined by the intrinsic properties of the protein (i.e. mutants having a higher propensity to aggregate), inclusion body formation is a cellular response to proteostatic stress (and can occur both in the case of stress-induced wild-type aggregation and in the case of mutant aggregation).
Our results also demonstrate that the accumulation of aggregating p53 is not neutral: By removing or overexpressing p53, we showed that aggregated p53 modifies the proteostatic network of cancer cells. Expression analysis of HSF1 and other proteostatic components showed that p53 aggregation alone could account for >20% of the cancer-related heat shock response, in addition to hampering basal proteasomal degradation. Interestingly, increased HSF1 activation, which is also observed upon protein aggregation in neurodegeneration [54] , plays a major role during oncogenesis, when cancer cells become 'addicted' to increased levels of chaperones, in part because of overactivation of HSF1 [48, 55, 56] . An increase in protein synthesis has been suggested to be a 'malignant' heat shock driver mechanism in cancer [57] . Our findings demonstrate that p53 aggregation also contributes significantly to this process, but also suggest that the aggregation of other, yet to be identified proteins may contribute to HSF1 dysregulation.
How does p53 aggregation affect the clinical outcome of patients? This needs to be addressed by large and carefully designed clinical studies. This first exploratory analysis suggests that grouping tumours into nIB-positive versus nIB-negative groups provided stratification with a worse outcome for patients bearing nIB-positive tumours, as opposed to a classification by genotype alone. Accordingly, patient biopsies containing nIBs also showed a shift in the proteostatic network, further demonstrating that nIBs highlight proteostatically altered, malignant tumour cells. Such tumours could possibly benefit the most from recently described therapeutics that clear mutant p53 from the cancer cell [19, 58] . Other p53-targeted strategies [59] that aim at activating p53 could also benefit from these observations to identify eligible patients.
Overall, p53-nIBs should be considered as a hallmark of enhanced malignancy, which results from the interplay of p53 inactivation, mutation, accumulation, and aggregation, and tumour-associated stress. Beyond the large difference in disease aetiology, these findings also suggest unexpected parallels between cancer and neurodegeneration at the level of proteostatic regulation of cells, and strategies for the treatment of amyloid-associated diseases might therefore be equally beneficial for the treatment of cancer.
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